Aims/hypothesis Plasma cell membrane glycoprotein 1 (PC-1) inhibits insulin signalling by direct interaction with the insulin receptor α subunit. This inhibition is enhanced by the minor Q allele of the K121Q polymorphism (rs1044498) in the gene (ENPP1) encoding PC-1. This polymorphism has been studied in relation to insulin resistance, type 2 diabetes and obesity in several populations with conflicting results. We assessed the impact of the ENPP1 K121Q polymorphism on type 2 diabetes, obesity and quantitative metabolic traits in 7,333 Danes. Subjects and methods The K121Q polymorphism was genotyped in the population-based Inter99 study cohort (5,961 subjects) and in a group of 1,386 patients with type 2 diabetes. All subjects were Danish whites.
worldwide. Although the epidemic nature of the disease may be attributable mainly to environmental factors leading to obesity, genetic factors also predispose to the disease. A characteristic feature of type 2 diabetes is insulin resistance in skeletal muscle, liver and adipose tissue, resulting from abnormalities in peripheral insulin signalling through the insulin receptor and a subsequent intracellular signalling network involving a complex cascade of events [1, 2] . Although it is well accepted that insulin resistance is also under genetic control and that this predisposition modulates diabetes susceptibility, the genes involved are still mostly unknown.
The ectoenzyme nucleotide pyrophosphatase phosphodiesterase, also known as plasma cell membrane glycoprotein 1 (PC-1) inhibits insulin signalling by direct interaction with the insulin receptor α subunit [3, 4] . PC-1 reduces both insulin receptor function and subsequent downstream signalling, and has a wide range of tissue expression that includes skeletal muscle and the liver [5, 6] . Furthermore, protein levels of PC-1 are increased in insulin-resistant subjects and correlate with whole-body insulin resistance [7] . Overexpression of human PC-1 in the liver of mice induces insulin resistance and glucose intolerance [8] , suggesting that this protein influences insulin sensitivity and thereby may affect the risk of developing type 2 diabetes.
The involvement of PC-1 in insulin-resistant states is further supported by recent studies revealing evidence for linkage between the chromosomal region 6q22-q23 of the gene encoding PC-1 (ENPP1) and insulin resistance [9] , obesity [10, 11] and type 2 diabetes [12] [13] [14] [15] . Furthermore, the minor Q allele of a K121Q variant (rs1044498) of ENPP1 has been shown to influence PC-1 protein function by inhibiting insulin receptor function and insulin signalling more effectively than the major K allele [16, 17] . Likewise, overexpression of the ENPP1 Q allele in mouse muscle and liver tissues causes insulin resistance and glucose intolerance in vivo [18] .
In contrast, outcomes of human studies of the K121Q variant have been conflicting. Hence, initial findings indicating association of the Q allele with insulin resistance [16, 19, 20] were not confirmed in all subsequent studies [21, 22] . Some studies have been able to relate the Q allele to type 2 diabetes [23, 24] whereas others failed to do so [19, 21, [25] [26] [27] . Likewise, a large intervention study failed to show evidence of an impact of the K121Q variant on the conversion from IGT to overt type 2 diabetes or weight change during 3 years of follow-up [28] , whereas another prospective investigation found the Q allele to be associated with deterioration in an atherogenic risk profile as well as an earlier onset of type 2 diabetes [20] . Recently, evidence for an association of the K121Q variant and a risk haplotype defined by three single-nucleotide polymorphisms (SNPs) in ENPP1, including the K121Q variant, with different subtypes of obesity and type 2 diabetes was demonstrated in a sample of about 6,000 subjects of French and Austrian Caucasian origin [29] .
Given these ambiguous findings, the objective of the present study was to investigate in a relatively large-scale setting the ENPP1 K121Q variant in relation to type 2 diabetes and associated metabolic quantitative traits in samples of Danish white subjects.
Subjects and methods

Subjects
The case-control studies of overweight and obesity were performed in the Inter99 cohort, which is a populationbased, randomised, non-pharmacological intervention study for the prevention of ischaemic heart disease conducted at the Research Centre for Prevention and Health in Glostrup, Copenhagen (ClinicalTrials.gov; identifier: NCT00289237) [30] . Patients treated for type 2 diabetes (n=98) were excluded. The subjects (n=5,863) were divided into three classes according to BMI: (1) lean subjects with BMI<25.0 kg/m 2 (n=2,582); (2) overweight subjects with BMI in the range 25.0-29.9 kg/m 2 (n=2,312); and (3) obese subjects with BMI ≥30.0 kg/m 2 (n=969). The case-control study of diabetes included 1,386 (836 men, 550 women) unrelated patients with type 2 diabetes. Diabetes was diagnosed according to the World Health Organization 1999 criteria [31] . Of the patients with type 2 diabetes, 1,042 were recruited at the outpatient clinic at Steno Diabetes Center and 344 (98 with known type 2 diabetes and 246 with screen-detected type 2 diabetes) were from the Inter99 cohort [30] . The phenotypic characteristics of the cases (mean±SD) were: age at entry to the examination, 56.9±10. ). All control subjects underwent a standard 75 g OGTT and only subjects who had fasting normoglycaemia and were normal glucose tolerant were included as control subjects in the study.
The genotype-quantitative trait study was carried out in the Inter99 cohort [30] , including subjects with normoglycaemia and NGT (n=4,440), impaired fasting glycaemia (IFG) (n=495), impaired glucose tolerance (IGT) (n=682) and screen-detected and treatment-naive type 2 diabetes (n=246).
All study participants were Danish white subjects by selfreport. Informed written consent was obtained from all study participants. The studies were conducted in accordance with the Declaration of Helsinki II and were approved by the local Ethical Committee of Copenhagen.
Biochemical and anthropometric measures
Blood samples were taken after a 12-h overnight fast. An OGTT was performed in all non-diabetic subjects. The HbA 1C (normal range 4.1-6.4%), plasma glucose and serum insulin concentrations were measured as described previously [32] .
Genotyping
Genomic DNA was purified from human leucocytes obtained from whole blood using standard methods [33] . Genotyping of the ENPP1 K121Q polymorphism (rs1044498) was performed by chip-based matrix-assisted laser desorption/ionisation time-of-flight (MALDI-TOF) mass spectrometry (DNA MassARRAY; Sequenom, San Diego, CA, USA) of PCR-generated primer extension products, as described previously [34] . The polymorphism was genotyped with a success rate of 98.1%. One hundred and eighty samples were genotyped in duplicate and no mismatches were found. The genotypes were in HardyWeinberg equilibrium (p=0.14).
Statistical analysis
In the case-control studies of type 2 diabetes and obesity, Fisher's exact test was used to examine differences in allele frequencies between cases and control subjects and logistic regression was used to examine differences in genotype distributions with adjustment for sex, age and BMI. A general linear model was used for testing quantitative traits in relation to genotype. Genotype and sex were entered in the model as fixed factors, and age and BMI as covariates. A p-value of less than 0.05 was considered significant. Logistic regression and analyses on quantitative traits were performed using Statistical Package for Social Science software (version 13.0; SPSS, Chicago, IL, USA). A meta-analysis of the present and published studies was performed using RGui version 2.2.1 (available at http://www.r-project.org). Homogeneity between studies and the meta-analysis using the Mantel-Haenszel method was tested with a generalised linear model. Publication bias was examined by unweighted regression analysis of funnel plot asymmetry [35] andplots of standardized effect-size estimates [36] .
Results
We performed separate case-control studies of the ENPP1 K121Q polymorphism (rs1044498) with diabetes, overweight and obesity.
In the case-control study of type 2 diabetes we found no differences in allele frequencies and genotype distributions between 1,386 unrelated patients with type 2 diabetes and 4,770 glucose-tolerant subjects (Table 1) . Likewise, assuming either a dominant or a recessive model for the penetrance of the minor Q allele, no significant differences were observed between groups (data not shown). Repeated analysis using an age-matched control subgroup (mean age±SD, 56.1± 4.8 years, n=1,588) did not change the results (data not shown). Furthermore, no association of the K121Q genotype with early-onset type 2 diabetes (clinical diagnosis at 40 years [37] , for which data were not accessible, including a total of 6,466 patients with type 2 diabetes and 11,220 control subjects (Fig. 1) . No heterogeneity between studies was detected (p=0.11) and no evidence for publication bias was found using both unweighted regression (p=0.51) [35] andplots of standardized effect-size estimates (all dots in theplot were within the 95% CI) [36] . We observed evidence of association of the ENPP1 codon 121 Q allele with type 2 diabetes with an odds ratio (OR) per Q allele of 1.17 (95% CI 1.10-1.25, p=1×10 −6 ). In the case-control study of overweight and obesity, we compared allele frequencies and genotype distributions between different strata of BMI among 5,863 middle-aged subjects of a population-based sample. In a recessive model, we found an uncorrected, statistically significant association with being overweight in QQ allele carriers when comparing overweight subjects (BMI≥25 kg/m 2 ) with normal-weight subjects (BMI<25 kg/m 2 ) (OR 1.63 [95% CI 1.09-2.46]; p=0.015). No significant effect of genotype was, however, found when applying a dominant model or comparing allele frequencies (Table 2) . When comparing obese subjects (BMI≥30 kg/m 2 ) with either normal-weight subjects (BMI<25 kg/m 2 ) or normal-weight and overweight subjects (BMI<30 kg/m 2 ), no significant associations were found ( Table 2 ). Similar results were obtained when adjusting for the effects of age and sex (data not shown). To try to replicate previous findings of an influence of the ENPP1 gene on more extreme forms of obesity [29, 38] , we compared the K121Q genotypes of the subjects above the 90th percentile of the BMI distribution (n=586, mean±SD BMI, 35.7±3.8 kg/m 2 ) with the genotypes of subjects with BMI between the 10th and 20th percentiles (n=583, mean± SD BMI, 21.9±0.4 kg/m 2 ). No differences in allele frequencies or genotype distributions were found between these groups (p=0.6 for the codominant model; p=0.4 for the dominant model for the Q allele; p=0.6 for the recessive model for the Q allele).
In the genotype-quantitative trait study of a populationbased sample of middle-aged participants including subjects with NGT, IFG, IGT and screen-detected type 2 diabetes, we evaluated anthropometric measures, fasting and post-OGTT levels of plasma glucose, serum insulin and serum C-peptide and measures of insulin resistance. We found no significant effect of the K121Q genotype on these variables (Table 3) .
Apart from a probably random finding of a difference in serum C-peptide level at 30 min (p=0.04 for the codominant model), no significant associations were observed in the subgroup of NGT subjects (n=4,440) (data not shown).
Discussion
Previous studies indicate that PC-1 modulates insulin signalling through inhibition of the insulin receptor, presumably by a direct interaction with the α subunit, and in vitro data and studies in rodents further suggest that this effect is modified by the K121Q polymorphism of ENPP1 [3, 4, 17] . It has also been hypothesised that the increased diabetes susceptibility that might be associated with the K121Q polymorphism derives from the effect on insulin sensitivity.
However, studies of the clinical impact of the polymorphism in humans have generated conflicting results.
In the present study we found a putative association of the ENPP1 codon 121 QQ genotype with being overweight, defined as BMI≥25 kg/m 2 . It is possible that this is a true association, but we cannot rule out a spurious positive association due to multiple testing. In favour of the first position is the fact that previous studies support a recessive model for the Q allele on measures of obesity [26, 29] , yet further analyses showed that the nominal association in the present study was only evident at a BMI cut-off between 24.0 and 25.5 kg/m 2 . In addition, analysis of BMI as a quantitative trait revealed no association with K121Q genotype (Table 3) . No evidence of an impact of the variant on measures of insulin sensitivity indices [39] [40] [41] was observed. In fact, the impact of the gene variant on insulin resistance has been ambiguous, yielding association in some but not all populations studied [16, [19] [20] [21] [22] 42] . Finally, we were unable to relate the K121Q variant to the presence of type 2 diabetes or associated quantitative metabolic traits in the Danish sample.
To date, nine case-control studies [19-21, 23-27, 29 ] testing association of the K121Q variant with type 2 diabetes have been published. No definitive role for the involvement of the polymorphism in the pathogenesis of type 2 diabetes has been established on the basis of these investigations. Thus, in most studies of the K121Q variant in Caucasian subjects, all with a limited number of cases and control subjects, no relationship with type 2 diabetes was found [19-21, 26, 27] , whereas evidence of association has been obtained in four populations published in two reports [23, 29] . Yet the present updated metaanalysis of the current and published case-control studies yielded evidence of an association with type 2 diabetes with an OR of 1.17 per Q allele. Interestingly, the metaanalysis supported an additive genetic model as we were able to reject both the dominant (p=0.004) and the recessive model (p=0.001) in favour of the full model. Still it should be pointed out that meta-analysis, which in principle might be expected to provide conclusive answers, may, in the area of genetic epidemiology, be compromised by heterogeneity of ethnicity and outcome phenotypes besides publication and ascertainment bias. In the present meta-analysis we failed to show evidence for publication bias using two different approaches [35, 36] ; however, both methods are weakened by lack of power due to the relatively small number of studies in the metaanalysis.
Recently, a study comprising two larger samples of 1,308 French and 1,261 Austrian Caucasians, demonstrated association of a three-allele risk ENPP1 haplotype including the K121Q variant with type 2 diabetes, with an OR of 1.56 in the pooled analysis of 1,255 patients with type 2 diabetes and 1,314 control subjects [29] . Additionally, this study revealed highly significant associations between the risk haplotype as well as the K121Q variant analysed separately and severe forms of obesity (696 morbidly obese [BMI>40 kg/m 2 ] and 717 moderately obese [BMI 30-40 kg/m 2 ] subjects), including childhood obesity (529 subjects with BMI above the 97th percentile for age and sex) [29] . Despite our large sample size, we failed to replicate this finding convincingly when analysing the K121Q variant in multiple BMI strata. However, importantly, the designs of the French study and the present protocol differ considerably, especially regarding the sampling of patients. Meyre et al. recruited cases according to the severity of obesity, focusing on the most severe forms of obesity, whereas our investigation was performed using a population-based sampling design, thereby concentrating on more common forms of obesity. Consequently, our ability to obtain evidence for an effect of K121Q genotype on morbid obesity is limited. Besides, we did not examine the full three-SNP haplotype, a fact that confines comparisons between the two studies somewhat, since it is possible, as indicated by the French study [29] , that more than one variant in ENPP1 modulates the risk of type 2 diabetes and obesity. A few other smaller (of the order of 400 to 1,100 participants) and probably statistically underpowered studies found either no association [19, 22, 37, 42] , association of the rare Q allele [26] or association of the common K allele with obesity [38] . The reason for the apparent discrepancies between the studies, including ours, that have evaluated the pathogenic impact of the K121Q variant is far from obvious. It is possible that the susceptibility induced by the polymorphism is modulated by interactions with other ethnicspecific genetic or environmental factors and that the phenotypic expression of the variant will therefore be different in various ethnic populations. In this regard it is emphasised that the frequency of the K121Q polymorphism varies considerably between different ethnic groups [24, 38, 42, 43] . It is also recognised that many case-control studies of multifactorial diseases with inheritance as complex as that of type 2 diabetes and obesity are often statistically underpowered in order to yield conclusive results, and random spurious positive associations due to multiple testing often cannot be excluded. We believe that studies that are adequately powered, as was the study described in the present report, are required; among the published association studies of the K121Q variant, ours is the largest so far. Thus, on the basis of the previous reports of the presumed effect of the K121Q genotype [20, 29] we estimate the statistical power at a significance level of 0.05 in the present study to detect an association with type 2 diabetes and obesity (depending on BMI strata) to be 85-98% and 90-99%, respectively.
On the basis of the present study, performed in a relatively large study sample of ethnically homogeneous people, we conclude that the ENPP1 K121Q polymorphism does not seem to influence the risk of insulin resistance or type 2 diabetes in Danish white subjects; however, a meta-analysis of the present and published studies demonstrates evidence of association with type 2 diabetes. A possible effect of the ENPP1 K121Q variant on the risk of obesity needs to be confirmed in large population-based studies and samples enriched for severe obesity.
